Most marine invertebrates have dispersive larvae and relatively immobile adults. These developmental stages are linked by a settlement event, which is often mediated by specific cues in bacterial biofilms. While larvae distinguish between biofilms from different environments, it remains unknown if they receive information from all, only a few or even just a single bacterial species in natural biofilms. Here we asked how specific is larval settlement to the bacterial community structure and/or taxonomically distinguishable groups of bacteria in epiphytic marine biofilms? We used novel multivariate statistical approaches to investigate if larval settlement of two sea urchins correlated with the microbial community composition. Larval settlement of Heliocidaris erythrogramma revealed a strong correlation with the community composition, highlighted by canonical analysis of principle components, a constrained ordination technique. Using this technique, the importance of operational taxonomic units (OTUs) within communities relative to larval settlement was investigated. Larval settlement not only correlated, both positively and negatively, with the epiphytic bacterial community composition but also with the relative abundance of few OTUs within these communities. In contrast, no such correlation was observed for the other urchin, Holopneustes purpurascens, whose larvae likely respond to bacterial biofilms in a more general way and specifically respond to a defined settlement cue of algal origin.
INTRODUCTION
Most benthic marine invertebrates have dispersive larvae and sessile or comparatively immobile adult and juvenile stages. These two stages are linked by a settlement event, during which larvae attach onto a substrate and metamorphose into a juvenile. In many marine invertebrate species, this pelago-benthic transition is irreversible and the choice of settlement sites is guided by environmental cues (Pawlik 1992) . The analysis of larval settlement cues and the generality or specificity at which these cues operate is thus fundamental to understanding the determinants of species distribution in marine systems.
Coralline red algae (order Corallinales) are common components of benthic habitats worldwide and have received wide attention as highly inductive settlement surfaces for phylogenetically diverse marine invertebrates, including corals (Webster et al., 2004; Birrell et al., 2008) , gastropods (Daume, Brand-Gardner and Woelkerling 1999; Williams et al., 2008) and echinoderms (Pearce and Scheibling 1990; Huggett et al., 2006; Swanson et al., 2006) . They can thus play an important role in benthic systems by guiding settlement of habitat forming or other ecologically important organisms.
While highly inductive surfaces, the specific properties of coralline algae that induce larval settlement are still, in many cases, unresolved. Larval settlement cues associated with coralline algae are produced both by the algae per se (Morse and Morse 1984; Williams, Cummins and Degnan 2009; Roberts, Barker and Mladeno 2010) , but also by epiphytic bacteria or other microorganisms on their surfaces (Johnson et al., 1991; Johnson and Sutton 1994; Negri et al., 2001; Huggett et al., 2006; Tebben et al., 2011) . Indeed, a theme in the field has been to try and understand which microorganisms within epiphytic microbial communities induce larval settlement.
Bacterial culturing experiments have identified many, often phylogenetically diverse, bacteria which induce larval settlement of various invertebrate taxa when offered as monospecies bacterial films (Unabia and Hadfield 1999; Lau et al., 2002; Huang and Hadfield 2003; Qian et al., 2007) . Some inductive taxa are common to these studies, and in particular isolates identified as, or closely affiliated with Pseudoalteromonas luteoviolacea induce high levels of larval metamorphosis and/or attachment in polychaetes (Huang, Callahan and Hadfield 2012) , sea urchins and corals (Negri et al., 2001; Tebben et al., 2011; Sneed et al., 2014) . However, when P. luteoviolacea is presented to larvae in the presence of other bacterial isolates in a mixed species biofilm, it does not infer the same induction capacity as when presented as a monospecies biofilm (Tran and Hadfield 2011) . This limits our understanding of the ecological relevance of inductive bacterial isolates-do they induce settlement in natural communities?
Further, these studies are constrained by the now wellknown limitations of culture-based approaches to study marine biofilms. Typically, bacterial culture-based studies reveal less than 1% of the natural community (Staley and Konopka 1985) and only provide the 'weeds' of the microbial world (Hugenholtz 2002) . Therefore, the majority of ecologically relevant bacteria and their possible effects on marine larval settlement are neglected by this approach.
To overcome these constraints, several studies have used culture-independent techniques-DNA fingerprinting or sequencing-to investigate the relationship between the microbial community composition in marine biofilms and larval settlement. While they have shown that larvae can distinguish between bacterial communities of different composition from different environments (Qian et al., 2003; Lau et al., 2005; Thiyagarajan et al., 2006) , it remains unknown if larvae receive simultaneous and integrated information from all, only a few or even just a single microbial species present in natural biofilms.
To distinguish between these possibilities, larval settlement to biofilms needs to be correlated with data of the microbial community composition in biofilms. This conceptual approach is now possible with low-cost molecular techniques to characterize microbial communities primarily, such as those for the 16S rRNA gene which is commonly used as a taxonomic marker for microbial species differentiation and identification. A variety of multivariate statistical tools (Anderson 2001 (Anderson , 2006 Anderson and Willis 2003) is now available to analyse these highly diverse communities and their relationship to larval settlement.
In this study, we asked how specific is the larval settlement response to the bacterial community structure and/or taxonomically distinguishable groups of bacteria in marine biofilms? To experimentally explore this, we used the larvae of Australian sea urchins Heliocidaris erythrogramma and Holopneustes purpurascens because they settle and metamorphose in response to epiphytic microorganisms on coralline algae Swanson et al., 2006) . By concurrently recording larval settlement to coralline algae and correlating this response to epiphytic bacterial community composition, we tested four hypotheses. (1) Different coralline algae induce similar rates of larval settlement because they share similar epiphytic bacterial communities. (2) Individual bacterial operational taxonomic units (OTUs) within bacterial communities on coralline algae correlate with larval settlement. (3) Similar OTUs on coralline algae are involved in larval settlement of different species of sea urchins. and (4) OTUs correlated with larval settlement are phylogenetically affiliated with P. luteoviolacea, a highly inductive bacterial strain for sea urchin larval settlement .
MATERIALS AND METHODS

Larval culturing
Adult urchins (H. erythrogramma and H. purpurascens) were collected from the shallow subtidal at Long Bay, Sydney (33
• 57 56 S
151
• 14 55 E) during their reproductive season (Swanson et al., 2004; Huggett et al., 2006) . Gametes were released following intraceolomic injection with 1-3 mL of 0.5 M potassium chloride (KCl). Sperm and eggs were separated and pooled from at least three individuals. Eggs were washed with 2 L of 0.22 μm sterilefiltered and autoclaved seawater (SFSW). Cleaned eggs were fertilized with 100 μL diluted sperm in 1.8 L of SFSW for 10 min. Fertilization success was verified by the appearance of raised vitelline membranes in more than 90% of eggs. Fertilized eggs were washed to remove excess sperm and suspended in 1.8 L of SFSW to yield a concentration of approximately two eggs mL −1 . Antibiotics (streptomycin sulphate 30 μg mL −1 , penicillin G 20 μg mL −1 ) were added and larval cultures were reared at 19
• C with slight aeration under a 12:12 h light:dark regime. The culture water was changed every day until larval competence was reached. Given that both urchin species produce lecithotrophic larvae, the larvae did not need to be fed during culturing.
Collection of algae and a biofilmed abiotic surface
The coralline algae Amphiroa anceps, Corallina officinalis, Haliptilon roseum and Jania sp. and co-occurring non-coralline macroalgae (Ecklonia radiata, Delisea pulchra and Sargassum vestitum) and biofilmed shell grit (∼ 4 mm 2 broken shells commonly found on the benthos) were collected in the sea urchin habitat and used for larval settlement assays within 1 day post collection. Care was taken to collect independent specimens, separated by more than 1 m.
Treatment of algae with antibiotics
To verify if larval settlement cues originated from epiphytic bacterial biofilms, algae were treated with antibiotics to reduce the abundance and diversity of epiphytic bacteria prior to settlement assays. Following methods of Huggett et al. (2006) , algae were incubated for 5 min in SFSW with 10% Betadine R (containing the antibiotic providone-iodine), rinsed and incubated overnight in SFSW containing 20 μg mL −1 streptomycin sulphate, 10 μg mL −1 penicillin G and 10 μg mL −1 kanamycin).
Procedural controls were prepared accordingly except for the addition of antibiotics (in the following referred to as 'antibiotic procedural controls'). Freshly collected field samples served as unmanipulated controls.
To verify if these treatments reduced abundance and diversity of epiphytic bacteria, the two most common coralline algal species (A. anceps and C. officinalis) within sea urchin habitats (personal observation) were examined and compared between antibiotic and associated control treatments. The abundance of epiphytic bacteria was visualized with the LIVE/DEAD BacLight bacterial viability stain (Invitrogen) following the manufacturer's instructions. Due to the autofluorescence of algae in the same spectral range as that of stained dead bacteria, only the fluorescence signal of live bacteria was recorded and analysed. Five fields of view were taken per replicate at 200× magnification (Olympus BX50 microscope), with n = 5 replicates per treatment. Bacterial abundance was measured as percentage of green fluorescence using ImageJ image analysis software (http://rsb.info.nih.gov/ij/). Each treatment was subject to larval settlement assays (see below).
Larval settlement assays
The procedure for larval settlement assays was adopted from Huggett et al. (2006) . Thirty milligrams of individual algal thalli were randomly added to individual dishes in 6-well plates containing 4 mL of SFSW per well. Settlement to pieces of shell grit was also examined with H. erythrogramma. SFSW served as the negative control. Treatments of unmanipulated, antibiotic procedural control and antibiotic treated algae (see above) were assayed, each replicated five times. Ten and five larvae of H. erythrogramma and H. purpurascens, respectively, were used per replicate in separate assays for each urchin species. Larval settlement assays were conducted at 19
• C under a 12:12 h light:dark regime for 24 h, after which the proportion of metamorphosed larvae was counted. Metamorphosis was defined as the irreversible attachment of larvae to the dish surface and the appearance of five tube feet and spines.
Analysis of bacterial community composition by TRFLP
Various algae and biofilmed shell grit were analysed to compare the natural variation of bacterial community composition on these animate and inanimate surfaces. These samples were concurrently collected with samples used in settlement assays. Further, the two most common coralline algae in the sea urchin habitat, A. anceps and C. officinalis, were chosen for a novel correlation analysis of their epiphytic bacterial community composition and larval settlement. At the completion of settlement assays (24 h), algae were carefully cleared of metamorphosed urchins, removed from the settlement dishes and immediately frozen for subsequent DNA extraction and TRFLP (terminal restriction fragment length polymorphism) fingerprinting of epiphytic bacterial communities. The total DNA of epiphytic bacterial communities was extracted by adding 30 mg of algae to 1 mL extraction buffer (100 mM Tris-HCl pH 8, 20 mM EDTA pH 8, 2.5 M sodium acetate, 8 mg CTAB), 300 μL chloroform:isoamyl alcohol 24:1, 200 μL 0.1 mm silica beads and 1 mg PVPP in 2 mL cryotubes. Samples were processed at 5.5 m s −1 for 30 s using a FastPrep FP120 tissue homogenizer (Savant). Samples were centrifuged at 13 000× g for 1 min and the supernatant added to an equal volume of chloroform:isoamyl alcohol (24:1) and inverted multiple times. Samples were centrifuged at 13 000x g for 5 min and the supernatant was transferred to a 1.5 mL vial and centrifuged again at 16 000x g at 4
• C for 30 min. DNA in the supernatant was precipitated with 0.1 volume 3M sodium acetate (pH 5.2) and 1 volume of isopropanol at −20 • C for 24 h. DNA was pelleted at 16 000x g at 4
• C for 30 min and the supernatant discarded. The DNA pellet was washed twice with ice cold 70% ethanol, reconstituted in 30 μL TE buffer and frozen at −20 • C until use. Extracts were visualized for quantity and quality using gel electrophoresis (1.2% agarose gel in sodium borate buffer contain the nucleic acid stain gelRED (Biotin). A polymerase chain reaction (PCR) of 16S rRNA genes of bacterial communities was carried out in 25 μL reactions containing EconoTaq 2X master mix (Lucigen) and the eubacterial primers 27F (AGAGTTTGATCCTGGCTCAG) and 519R (GWATTAC-CGCGGCKGCTG). The 27F primer was labelled at the 5 end with 6-carboxy fluorescein (FAM) dye. The thermocycling conditions were initial denaturation at 94
• C for 3 min, 25 cycles of 94
• C for 30 s (denaturation), 55
• C for 30 s (primer annealing), 72
• C for 45 s (extension) and a final extension at 72
• C for 5 min. PCR products were using gel electrophoresis (as above). On confirmation of successful amplification, PCR products were purified using silica spin columns (Zymo Research) following the manufacturer's instructions. 200 ng of purified PCR products were digested with 5 U of RsaI for 3 h at 37
• C. Digested products were desalted using silica spin columns (Zymo Research). 5 ng of the digest were analysed on an ABI3730 capillary sequencer in genotyping mode with the size standard LIZ600.
Terminal restriction fragment (TRFs) sizes were determined after electrophoresis by comparison with internal size standard using Peak Scanner v1.0 (AB systems). All TRFs above a threshold of one fluorescent unit were included such that determination of 'true' peaks could be statistically filtered from background noise (Abdo et al., 2006) . TRFs of < 30 and > 550 bp were excluded from the analysis. For a given sample, peak areas were standardized by total peak area to give the relative abundance of each TRF. TRFs were aligned using the T-Align algorithm (Smith et al., 2005) with a 0.5 bp threshold and the resulting data matrix was used for multivariate statistical analysis.
TRF size of P. luteoviolacea
Given that the bacterial species P. luteoviolacea induces larval settlement of a broad range of marine invertebrates (Hadfield 2011) and has been found on coralline algae , we identified the TRF length of this species in an attempt to observe whether this TRF was linked with the settlement response of sea urchin larvae in natural communities. The TRF was generated using a cultured representative, whereby the 16S rRNA gene of this isolate was subject to the TRFLP protocol described above.
Statistical analysis and correlation of larval settlement with bacterial community composition and relative abundance of bacterial OTUs in communities
Larval settlement experiments and the influence of antibiotic treatment on bacterial abundance were evaluated by analysis of variance (ANOVA). Data were checked for homogeneity of variance (Levene's test) and transformed if necessary (Underwood 1997). Post-hoc tests were conducted with Tukey's HSD. For multivariate community data, Bray-Curtis similarity coefficients of square-root-transformed abundances of bacterial OTUs were calculated between every pair of samples and the resulting similarity matrix visualized by non-metric multidimensional scaling (nMDS). Permutational multivariate analysis of variance (PER-MANOVA, Anderson 2001) was used to test for differences between Bray-Curtis similarity coefficients of different bacterial communities.
Larval settlement was correlated with the bacterial community composition by calculating the correlation coefficient of the pairwise distance matrix of percentage larval settlement (Euclidian distance) and bacterial community composition (Bray-Curtis coefficient) using Mantel tests (Mantel 1967) . Both, the Pearson's product moment coefficient and Spearman's rank coefficient were calculated to test the relationship between settlement and bacterial community composition. If similar community compositions evoked a narrow range of percentage settlement, and dissimilar community compositions evoked a wide range of percentage settlement, then the correlation coefficient took a value close to 1.
To investigate which TRFs within the community data matrix correlated with larval settlement, we used canonical correlation analysis of principle coordinates (CAP) (Anderson and Willis 2003) and correlated TRFs with these principle coordinates. CAP is a constrained ordination method which finds an axis through a multivariate community data cloud by maximizing this relationship with a predictor variable, in this case the percentage of larval settlement. This method provides an opportunity to weigh the observed community composition against larval settlement (positions along the canonical CAP axis are similar to sample positions along axes generated by principle component analysis), and thus further rank the importance of TRFs (within communities) relative to larval settlement based on these positions.
If the associated canonical correlation coefficient (Rho) resulted in a coefficient > 0.5 (i.e. a good relationship between the multivariate data cloud and the predictor variable), then the individual TRFs within the dataset were correlated with the new canonical axis (CAP axis) to determine which TRFs correlated with the settlement response. Univariate linear regression was conducted with TRFs that had absolute correlations with the CAP axis at > 0.3 and were observed in more than 80% of the samples. This high percentage was required to rule out ambiguously high Pearson's correlations as a result of outliers in the case of many zero abundant and few abundant TRFs. All calculations were performed with the statistics software Primer 6 (Clarke and Gorley 2006) .
RESULTS
Bacterial abundance and community composition on coralline algae treated with antibiotics
The bacterial abundance on A. anceps and C. officinalis was similarly affected by antibiotic treatment (T × A: F 2,24 = 1.21, P = 0.971, Table 1a ) with bacterial abundance reduced by up to 50% compared to the unmanipulated controls (Tukey's HSD, P = 0.4; Supplemental File 1, Supporting Information). The bacterial community composition changed differently for each algal species as a result of antibiotic treatment (T × A: F 2,24 = 1.70, P = 0.018, Table 1b ; Supplemental File 2, Supporting Information). Bacterial communities on algae treated with antibiotics differed significantly from the controls (PERMANOVA pairwise comparisons for each algal species separately: unmanipulated versus antibiotic treatment-P (Amphiroa) = 0.042, P (Corallina) = 0.021).
Larval settlement to macroalgae, shell grit and their corresponding antibiotic treatments
With the exception of the alga D. pulchra, larval settlement was significantly affected by antibiotic treatment of algae and shell grit ( Fig. 1 and Table 2 ). Larval settlement to fresh specimens (un- In a separate experiment (data not shown), the brown alga E. radiata, which is a common food source for adult H. purpurascens , induced low percentage of larval settlement in H. erythrogramma (24 ± 6.4%) and H. purpurascens (5.8 ± 3.4%). Larval settlement in the negative control (no algae) was zero percent. Except of D. pulchra, treatment of all algae with antibiotics significantly reduced larval settlement compared to fresh specimens and the antibiotic procedural control (Tukey's HSD, Fig. 1 ), indicating that the reduction in settlement was most likely due to the effect of antibiotics as opposed to other aspects of the treatment. High larval settlement in response to D. pulchra, even when treated with antibiotics, is consistent with the endogenous production of the larval inducer histamine by this alga (Swanson et al., 2004) , and suggests that the antibiotics per se had no effect on the larvae.
Comparison and correlation of larval settlement with relative epiphytic bacterial community composition and abundance
The significant drop in larval settlement to algae treated with antibiotics is consistent with a strong influence of epiphytic bacteria on larval settlement. To better understand this relationship, we analysed the epiphytic bacterial community composition on these algae and shell grit using TRFLP fingerprinting. Analyses of Bray-Curtis similarities of bacterial community compositions demonstrated that bacterial communities on different algae and shell grit were host-specific ( Fig. 2 and Table 3 , all PERMANOVA pairwise comparisons P < 0.001) despite similarities in mean larval settlement to these substrata (Fig. 1) .
The correlation between larval settlement and bacterial community composition was further analysed with the coralline algae A. anceps and C. officinalis. This correlation revealed dissimilar results for each urchin species. There was a strong correlation between larval settlement of H. erythrogramma and the bacterial community composition (Pearson's r = 0.386, P < 0.001; Spearman's ρ = 0.414, P < 0.001). This relationship was further supported by CAP, which revealed an axis through the multivariate community data cloud that strongly correlated with larval (A) (B) Figure 1 . Mean percentage of larval settlement (±SE, n = 5-6) of H. erythrogramma (A) and H. purpurascens (B) to different macroalgae and shell grit. Each substrate was assayed unmanipulated, treated with antibiotics (AB) and as antibiotic procedural control. Settlement assays were scored after 24 h. Ten and five larvae were used for (a) and (b), respectively. Lines above bars denote pairwise groupings of treatments within each substrate type (Tukey's HSD of 'Species × Treatment' factor, see Table 2 ). nt = not tested. settlement (δ = 0.733, P = 0.0001, m = 4, 64% variance explained, Fig. 3a) . Given the strong relationship between larval settlement of H. erythrogramma and community similarity of bacteria on both coralline algae, the TRFs of communities that correlated with the CAP axis (i.e. those likely correlated with larval settlement) were identified. This procedure revealed that 18 TRFs (∼ 26% of total TRFs) had either a positive or negative relationship with larval settlement of H. erythrogramma. Univariate linear regression analysis of the relative abundance of these TRFs revealed three positive and four negative (∼ 10% of total TRFs) significant correlations with larval settlement (Table 4) . Notably, the negative relationship between relative TRF abundance and larval settlement was stronger than the positive relationship. The corresponding analysis for H. purpurascens revealed no correlation between larval settlement and bacterial community composition (Pearson's r = −0.04, P = 0.418; Spearman's ρ = −0.02, P = 0.627). However, CAP analysis revealed an axis through the multivariate community data cloud that significantly correlated with larval settlement (δ = 0.460, P = 0.027, m = 8, 82% variance explained, Fig. 3b ), albeit considerably weaker than in the equivalent analysis of H. erythrogramma.
The TRF of a cultured representative of P. luteoviolacea was 517 bp (Supplemental File 3, Supporting Information) using the TRFLP protocol described in this study. No TRF of this size correlated with larval settlement of H. erythrogramma (Table 4 ). Considering a possible variation in accurate size determination of ±1 bp, a TRF of 516 bp was observed to negatively correlate with the larval settlement of H. erythrogramma (Table 4) .
DISCUSSION
Previous studies with a focus on bacteria as mediators of marine invertebrate larval settlement have mainly employed bacterial culture-dependent techniques, and numerous isolates have Figure 2 . nMDS of natural bacterial communities on different macroalgae and shell grit. Communities were compared using the Bray-Curtis similarity co-efficient of square-root-transformed relative abundances. Table 3 . PERMANOVA of natural bacterial community compositions on different species of macroalgae and shell grit. Communities were compared using the Bray-Curtis similarity co-efficient of squareroot-transformed relative abundances. Host-specific communities are observed (all PERMANOVA pairwise comparisons, P < 0.05). been screened in settlement assays (Lau et al., 2002; Huang and Hadfield 2003; Huggett et al., 2006; Tebben et al., 2011) . Of the many isolates tested so far, only remarkably few induced significant larval settlement, with most isolates having only moderate or no effect on larval settlement. Also, mixed species biofilms of inductive and non-inductive isolates diminish the inductive capacity of inductive isolates (Tran and Hadfield 2011) making it unclear whether larval settlement is induced by such bacteria in natural communities. Bacterial culture-dependent analyses are thought to identify as little as 1% of the diversity of marine bacteria (Staley and Konopka 1985; Hugenholtz 2002) . Thus, it remains speculative whether induction of larval settlement by marine biofilms is indeed mainly due to only a few 'inductive' bacteria, or whether these simply represent a very selective sample of a much broader range of inducer species, or indeed whether other factors in complex microbial biofilms may provide integrated cues for larval settlement.
In the present study, we investigated if sea urchin larval settlement in response to benthic coralline algae correlated with the community composition of epiphytic bacteria on these algae. Sea urchin larvae (H. purpurascens and H. erythrogramma) settled in the presence of a variety of algae under investigation, except for the brown alga E. radiata, suggesting that settlement was not particularly specific to certain algal species. When the abundance and composition of epiphytic bacteria on algae was modified by antibiotic treatment, larval settlement on treated algae was significantly lower than on untreated controls ( Fig. 1 and Table 1 ). This observation was consistent with previous studies (Swanson et al., 2004; Huggett et al., 2006) and suggests that sea urchin larval settlement depends on the qualitative and/or quantitative composition of the epiphytic bacterial community. Further, antibiotic use in larval cultures or for manipulation of epiphytic bacteria did not appear to affect the study organisms. Larvae appeared normal and reached competence when expected (Williams and Anderson 1975; Williamson and Steinberg 2002 ). An algal-derived settlement cue from D. pulchra, even when treated with antibiotics, continued to induce the settlement of H. purpurascens (Swanson et al., 2004) suggesting little effect on host algae or development of putative settlement receptors on larvae.
Using the molecular microbial fingerprinting technique of TRFLP, we demonstrated that natural epiphytic bacterial communities significantly differed among the algae (Fig. 2) . We chose TRFLP over other DNA fingerprinting methods, namely denaturing gel electrophoresis, as it provides better resolution and is capable of comparing a greater number of samples at the expense of limited phylogenetic information and the possibility of TRFs representing more than one species (reviewed in Schüte et al., 2008) . To test the relationship between the differences in bacterial community composition on these algae and larval settlement to these algae, we applied multivariate statistics to the data obtained with two most common coralline algae in the sea urchin habitats, A. anceps and C. officinalis.
This correlation revealed contrasting results for the two urchin species under investigation. For the first time, this study demonstrated a strong unconstrained correlation between larval settlement of H. erythrogramma and the epiphytic bacterial community composition. This relationship was further strengthened by CAP, which revealed an axis through the multivariate community data cloud that strongly correlated with larval settlement (Fig. 3) . In contrast, the corresponding unconstrained analysis for the other urchin species, H. purpurascens, revealed no correlation between larval settlement and bacterial community composition, and the constrained CAP, while revealing a significant relationship, indicated a considerably (A) (B) Figure 3 . CAP of bacterial communities on two coralline algal species (A. anceps and C. officinalis) constrained against larval settlement of (A) H. erythrogramma and (B) H. purpurascens. Bray-Curtis similarity coefficients of square-root-transformed relative abundances were used as the distance measure and the percentage of larval settlement was used for CAP. weaker correlation between larval settlement and community composition. Despite the fact that both urchin species settled in response to bacteria on coralline algae, it appears that each larval species interacts differently with the composition of these bacterial communities. The strong correlation between larval settlement of H. erythrogramma and specific components of the bacterial community suggests that this larval species does indeed respond to specific components of the biofilm. In contrast, H. purpurascens reacted to bacterial biofilms in a more general way, which is perhaps consistent with the strong response of this urchin to algal cues per se (Swanson et al., 2004 (Swanson et al., , 2006 . This pattern of larval species-specificity to the same microbial biofilm has also been observed with different species of barnacle larvae (Lau et al., 2005) .
We investigated which OTUs (as represented by different TRFs) in these communities correlated with larval settlement of H. erythrogramma by determining which OTUs also correlated with the CAP axis (i.e. the axis through the multivariate community data cloud that correlated with larval settlement). This analysis revealed that larval settlement of H. erythrogramma not only correlated with the epiphytic bacterial community composition on coralline algae but also with the relative abundance of few OTUs within these communities ( Fig. 3 and Table 4) .
Notably, the negative relations between relative OTU abundance and larval settlement were stronger than the positive ones, as indicated by better regression fits (Table 4 ). This observation is in accordance with the concept of positive (inductive) and negative (inhibitive) bacterial isolates on larval settlement of marine invertebrates (Walters, Hadfield and Smith 1996; Hadfield 2011) . Moreover, culture-independent studies have hypothesized the presence of both, inductive and inhibitive bacteria, to interpret larval settlement patterns of marine invertebrates to complex biofilm communities (Webster et al., 2004; Lam, Harder and Qian 2005; Huggett et al., 2006) . Here, we show for the first time that larval settlement of sea urchins to a complex, natural bacterial community correlates with the relative abundance of 'inductive' and 'inhibitive' OTU within these communities, supporting the concept of larval settlement as an integrated response to the sum of positive and negative cues embedded in the bacterial biofilm.
Since our analysis revealed correlations between bacterial community composition and larval settlement, it remains speculative as to whether the observed OTUs are indeed inductive or inhibitive to larval settlement. Manipulative experiments are required to test the causal relationships between the OTUs and larval settlement; however, manipulating only few members in a community while preserving the rest is a daunting task. An ideal experimental strategy would merge culture-independent with -dependent techniques, using the former to identify bacterial species that correlate with larval settlement (i.e. identification of bacterial species free of culture limitations) and the latter to target these strains by culturing and verify their effect in laboratory larval settlement assays. Moreover, other quantitative molecular techniques (FISH) may be used to visualize and count such bacteria in natural communities to mimic naturally occurring numbers in vitro. This approach would further address a critical and in previous bacterial culture-based settlement studies largely underappreciated question, namely do single bacterial species identified to mediate larval settlement in vitro naturally occur in sufficient numbers to stimulate larval settlement?
The culture-independent method used in this study did not provide phylogenetic information, thus limiting our ability to continue with the above approach. Given the advancement in sequencing technologies, a future approach to identify the TRFs in this study would be to sequence the community 16S rRNA genes and conduct in silico TRFLP (e.g. Marsh et al., 2000) . This approach would not only shed light on the phylogeny of TRFs but also improve the inherent technological limitation that different species can produce the same TRF. However, our data ruled out that P. luteoviolacea, a bacterial strain shown to efficiently stimulate larval settlement of the sea urchin H. erythrogramma in vitro , played a statistically relevant role in the bacterial communities analysed in the present study.
Together, these results reject the general hypothesis that certain bacterial species in coralline algal biofilms equally mediate larval settlement of different urchin species. This study clearly revealed that correlations of larval settlement with bacterial community composition and the relative abundance of certain OTU in these communities cannot be generalized and rather depend on the phylogenetic affiliation of the larval species. The observation that two sea urchin species settled at similarly high rates to drastically different epiphytic algal bacterial communities suggests that the information whether to settle or not is mediated through more than few members of the biofilm community, and may rather present integrated information to the surface exploring larva.
